We demonstrate the fundamentally non-deterministic nature of localisation of excitation energy in -conjugated macromolecules for organic electronics. Shape-persistent ring structures mimic conjugated polymers in a structurally highly-ordered template. Singlemolecule spectroscopy reveals intrinsic fluctuations in transition dipole orientation due to A conjugated polymer consists of a chain of repeat units. -electrons delocalise between monomers, but may become localised on longer scales due to the formation of chemical or structural defects 7 . An individual segment of the polymer which supports the -orbital is referred to as a chromophore. The elementary excitation on a chromophore is an exciton -a tightly-bound electron-hole pair. Polymer optical properties such as spectral shape (width of energy bands and strength of vibronic coupling) are accounted for by excitonic coupling models where intrachromophoric interactions between monomers are described in the framework of J-aggregates, and interactions between chromophores are ascribed to either J-(inline) or H-aggregation (cofacial) 8 . The exciton itself is of order 2nm in size, which can be much smaller than the actual conjugated segment 7 . Depending on the magnitude of structural relaxation in the excited state, the exciton may be free to move within the chromophore, thereby increasing transition intensity since the number of electrons involved in the transition increases 8 ; but it may also become localised 7 .
Table of Contents Summary:
We demonstrate the fundamentally non-deterministic nature of localisation of excitation energy in -conjugated macromolecules for organic electronics. Shape-persistent ring structures mimic conjugated polymers in a structurally highly-ordered template. Singlemolecule spectroscopy reveals intrinsic fluctuations in transition dipole orientation due to spontaneous symmetry breaking, leading to unpolarised fluorescence from individual molecules. Cyclic structures of varying levels of symmetry are ubiquitous in nature: from benzene and pyrrole over members of the porphin family such as haem or chlorophylls to photosynthetic antenna complexes 1 , structural rigidity is crucial to molecules on different length scales. Yet synthetic compounds that derive macroscopic functions by mimicking elementary aspects of electron or energy transfer in organic semiconductors tend to be linear in structure 2 . While such materials, most notably -conjugated polymers, possess a range of desirable functional characteristics, formulating a comprehensive microscopic 3 picture of how individual covalently-bound monomer units arrange in space to form discrete -conjugated segments remains challenging [3] [4] [5] [6] . Conjugation and shape of the molecule are fundamentally interlinked 5 . On the one hand, spectroscopic techniques can, in principle, unveil information on electronic structure. On the other hand, physical shape, which can exhibit a level of diversity reminiscent of conformational degrees of freedom in proteins, is much harder to assess.
A conjugated polymer consists of a chain of repeat units. -electrons delocalise between monomers, but may become localised on longer scales due to the formation of chemical or structural defects 7 . An individual segment of the polymer which supports the -orbital is referred to as a chromophore. The elementary excitation on a chromophore is an exciton -a tightly-bound electron-hole pair. Polymer optical properties such as spectral shape (width of energy bands and strength of vibronic coupling) are accounted for by excitonic coupling models where intrachromophoric interactions between monomers are described in the framework of J-aggregates, and interactions between chromophores are ascribed to either J-(inline) or H-aggregation (cofacial) 8 . The exciton itself is of order 2nm in size, which can be much smaller than the actual conjugated segment 7 . Depending on the magnitude of structural relaxation in the excited state, the exciton may be free to move within the chromophore, thereby increasing transition intensity since the number of electrons involved in the transition increases 8 ; but it may also become localised 7 .
Proximal chromophores can couple to each other, leading to further spreading of excitation energy in the macromolecule [9] [10] . Fluorescence spectroscopy is often used to infer information on electronic structure, coupling mechanisms and conformation, but 4 without definitive knowledge of molecular conformation to begin with, the parameters remain intractable. In particular, it is not self-evident that an exciton should always form on precisely the same monomer units of a chromophore. Structural relaxation in the excited state breaks molecular symmetry and leads to exciton self-trapping [11] [12] , the spatial localisation of excitation energy due to the nuclear rearrangement of the molecule following a redistribution in charge density. Does this process always follow the same pathway?
To examine these questions, we designed a giant molecular spoked-wheel structure with conjugated shape-persistent macrocyclic rim as a model of chromophore formation and interchromophoric coupling 13 . Using single-molecule techniques, we uncover two distinct localisation mechanisms: spontaneous symmetry breaking, with the exciton localising randomly to different parts of the ring after every photoexcitation event; and slower photoinduced symmetry breaking, leading to fluctuating exciton localisation on the millisecond timescale.
Results and Discussions

Ring design
The design of conjugated macrocyclic structures requires careful consideration of rigidity to prevent scissions in the -system due to deformation of the overall ring as a result of the limited persistence length of rigid-rod building blocks 14 . We employ a phenyleneethynylene-butadiynylene-based scaffold 15 [26] [27] . Figure 1 
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It is not immediately obvious whether conjugation extends along the entire rim and whether the ring should be emissive at all. In molecules of six-fold symmetry, the S 0 -S 1 transition is suppressed, as for example in benzene. Some larger macrocycles have also shown inhibited fundamental transitions [29] [30] [31] [32] [33] . However, slight interactions with the environment can break molecular symmetry, making the transition allowed. A notable example is the B850 band in the light-harvesting system LHII: based on dipole selection rules, thermally-activated emission from B850 would be expected since the lowest-lying state is dipole-forbidden 34 . However, thermally-activated emission is not observed experimentally 34 .
1 is indeed highly emissive, with a quantum yield of 715% and a short radiative lifetime of 84060ps. The results of room-temperature absorption and emission spectroscopy (see Supplementary Information) of the ring and model linear compounds in solution are summarised in Table 1 . The oligomers exhibit a bathochromic shift in emission and absorption with increasing size from the monomer to the dimer, implying improved electronic delocalisation 35 . Little difference is seen between dimer and hexamer, illustrating that delocalisation does not extend significantly beyond two monomers.
Comparable porphyrin-based conjugated ring structures 21 fluoresce in the near-IR with a quantum yield of 0.12%, nearly three orders of magnitude lower than found here.
Room-temperature single-molecule spectroscopy
What is the microscopic nature of absorption and emission in 1? Which part of the ring absorbs light, where is light emitted? Figure At the excitation wavelength used (405nm), the spokes of the wheel account for ~20% of overall absorption, since spoke and rim absorption overlap spectrally (see Supplementary Figure S6 ). It is only possible to discriminate spokes and rim in emission, where the spectra are shifted by 43nm. Exciton generation must lead to symmetry breaking in the excited state due to changes in bond-length alternation and structural relaxation 11 . We can image this symmetry breaking directly through the polarisation anisotropy in emission, 
Cryogenic single-molecule spectroscopy
While not affecting spontaneous symmetry breaking, cryogenic temperatures do offer the advantage of overcoming thermal broadening to reveal the energetic heterogeneity of different chromophores within one ring molecule. In conjugated polymers, single chromophore spectra with linewidths orders of magnitude narrower than the ensemble have been identified [44] [45] . Analogously, we can resolve typical 45 single-chromophore transitions in single rings at 4K, as described in Fig. 4a Zero-phonon lines recorded above 500nm likely correspond to emission from ring aggregates since occurrence depends on molecular concentration.
Emission switching between chromophores in a single conjugated polymer chain is generally accompanied not only by a change in dipole orientation but also by a modification of transition energy 46 . This situation can also be observed in 1, where we resolved linear dichroism spectrally by splitting emission into orthogonal polarisation components. To study the fluctuations in exciton localisation and its impact on the chromophore energy, we focus on molecules showing polarised emission following prolonged illumination (see Supplementary Information for further discussion). Figure 4b gives an example of a fluorescence spectral trace, resolving the two polarisation components (coloured red and blue). At 4K, fluctuations in linear dichroism are slower than at room temperature. Weak spectral jitter, characteristic of single-chromophore transitions 45 , is visible in the trace. 120s into the measurement, the emission polarisation jumps, as does the transition wavelength, following a blinking event in which the molecule turned dark. This situation corresponds to dipole rotation by approximately 45° since only one polarisation channel is active before the event but both are equally strong afterwards, as seen in the integrated emission intensity plotted beneath. The case is very different for the molecule in panel c. Discrete reversible switching in dipole orientation occurs without discernible spectral change, leading to an anticorrelation of H andV components. Spectrally, it appears that only one chromophore is emitting, even though the emissive part of the ring rotates by ~90°. This observation suggests that the -system experiences a homogeneous environment on length scales exceeding the size of the dimer, the emissive unit in the ring: even though the exciton localises to different parts of the molecule, in some situations, the same effective dielectric environment is probed so that the transition energy remains unchanged. This phenomenon could potentially arise due to long-range electronic correlations existing in the bath 47 . Such effects are, however, quite rare: out of89single molecules at 4K,7showed jumps in polarisation without a spectral shift, and4with one.
In conclusion, we have demonstrated that exciton localisation is a fundamentally nondeterministic process, arising randomly on different monomer units. The phenomenon is important to microscopic modelling ofenergytransfer pathways in organic electronic devices, and may contribute to the origin of intramolecular interchromophoric electronic coherences reported in conjugated polymers 2 : chromophores, the polarisable species, are not necessarily static entities.
Methods
The synthetic methods and characterisation of the materials are described in the
Single-molecule emission was studied either at room temperature, in air, or under at the maximum of the lowest energy absorption band in chloroform solution. 
